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ABSTRACT

Lasers can be ueecl as non-perturbative probes to
plasma parameters.

Pla6ma refractivity is primarily a funct: I
density, and Int, rferometric measurements of phaae

measure many

of electron
changes with

either- ‘pulsed or CW lasers can determine-this para~ter with
spatial or temporal resolution over several orders of magnitude
sensitivity by using laser wavelengths from the near UV to the far
infrared. Sub-categories include dengity gradient and/or
turbulence determination from the laser beam deflection and
magnetic field magnitudes from polarization rotatim by
‘Ji-refringence.

L3aer scattering from free electrons yields the most
fundamental electron temperature measurements in the plasma
paxflmeter range where individual scattering eventa are
uncorrelated in phaae and ion temperature or plasma wave and
turbulence structure in the opposite limit. The smallness of the
scattering cross-section generally limits theee experiments to
single polrlts in space and time using powerful Q-switched lasers.
Extensivna in both spatial and temporal domains are current
research topics.

Laser ecottering from bound electrons can be many urderu of
ma8nitude larger if the laser la matched to approl r?ate resonnnce
frequencies nnd :an be used in specialized circunatancee for
mensuring low-ionized impurity or dominant apccieu neutral
cor!centratione and velocities,

The mini-course will emphasize the fundamental phy~lcs
underlying the many techniques and drtiw on particular applications
examples based largely on the author’a expuricnce in nm~nc~lc
confinement fu~ion reecarch.

1. INTRODUCTION—.—— .- ——

We limit our~clvcs in th~~ mini-cf~llrHc to lu~cr fruqucncfcs much ?.~~ger

than nny churncterlstic plasmn frequon.’yo In thiti limit tho interaction

hetwecn the EM wave and planmn i~ weak IInd manlft’tits itHc”Lf primarily by small

chnngce in the rcfracttvu index (ratio of pha~c velocity in vtic’ium to thot in
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the plasma) and some scattering. This is desirable for a diagnostic

❑easurement of ambient plasma parameters without perturbation by the

measurement itself.

Furthermore the laser

lengths for macroscopic

wavelengths are always small compared to the scale

plasma parameter changes. All derivations therefore

assume plane waves traversing

simplifications ao not afkect the

should not be forgotten before making

infinite homogeneous media. These

Gample experiments to be presented, but

extrapolation to extreme 8ituations=

There are a few general considerations pertinent to the uacfulness of any

diagnostic technique. Most obvious, of course, is whether the sensitivity

range covere the anticipated range of values of the parameter to be measured.

Adequate calibration ❑ay or may not present problems. Hardly less basic is

the attainable eignal-to-noise ratio and signal-to-background ratio. The

distinction implled here is that the former refers t~ ❑easurement accuracy of

the method under more or less idealized circumstances, whereas the latter ❑ay

be less due to competing effects, such as plasma self-luminosity. Of great

practical significance is t5e coat and complexity of actual execution. This

includee geometrical accessibility, available ports and permissible window

❑aterials, often aubstanlial requirements on eliminating electromagnetic

interference, and increasingly, automation of data acquisition. Although the

bulk of the work usually resides in these mundane matters, they ure usually

both SO specific :0 the particular circumstances and best learned by practical

experience, that relatively little will be said abo’lt them in the coulse.

None-the-le~s, this matter of practical adaptability ~hould be the dominant

criterion against which everything else is judged.

One theme that will run through everythin~ to bc prescnteri is SIMICC und

time resolution nnd Spllcc nnd time coverage. By regol.utjon IH meant Ilow

prncibely jn Rpnce and time n mentiurcment cnn be locn.lired aH opposed to Momc

average Value over an extended spatial or temporul range. By coverugc, for

lack of a butter word, is mennt how mnny almultaneous locnlized spncc

measurements and how many conmuc.utlve localized time mcn~urcment~ can be mude.

This is signlficnnt becnure generally the plasmu co bu Htudlcd 1s n~sumcd to

be of a pul~ed nature with both limitattonu on rep rute und dckalled
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reprodu~ibility, ❑aking shot-by-shot ecans of spatial and temporal behavior

~ess “/aluable than fuller coverage on each individual discharge.

Considered as clasaical electromagnetic Dhcnomena, refraction and

scattering are separate manifeatationa of the re-radiation of incident light

by free or bound electrons. The former is the coherl’qt superposition of the

re-radiatio~ in the forward direction added to the incident radiation, and the

latter is a coherent or incoherent summation of the r:-radiaticm in other

d~rectiona.

It la a remarkable fact--stated in other words, a manifestation of the

fantaetic power of Maxwell’s equationa--:hat this baaicallv complicated

problem of a self-comsietent solution for electric fields acting on chargea,

which then themselves become sources of fields interacting with all other

charges, can bc characterized for any particular medium by one complex number

(possibly oue complex tensor if there are preferred spatial directions in the

medium) inserted into the wave propagation equation.

(Sometime~ the baaic simplicity tenda to get lost among 1) Che variety of

related ways the baoic datum can be expreased--e.g. refractive index,

dielectric conetant, susceptibility, 2) a doubling of names and a second

complex valu~ If magnetization is importsnt in the medium, and 3) a

bewildering variety of units, norm~lizations and s~bola choacn by different

authora. For ~n excellent reference on the basics and an underlying physical

intuition see Cilapters 28-34, ‘l%e Feynman Lectures oil ?hyuice, Vol. I,

Addiaion+esley (1963)).
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11. REFRACTIVITY

(Basic referencel referred to hereafter as I.)

A“ !!E!?EY
The refractive index, IJ, ie defined as kc/to where k = k(u) Is the

transverse (;=;=0) plane wave solution to the wave eqllation (1 1.2.8 in I.)

derived from Maxwell’s equations. It is solved for a medium of free electrons

in I. for 3 cases:

1) no collision, no external field

2) no collisions, applied field along ;

2
‘P 1/2

p*-[1-—2 1
m (1 * ue/w)

3) with collitiions, no external field

$ 1/2
p-[l-— 1

(7(1 + iv/ul)

In these equation

~ = 2rc/~ is the radian irequcncy of tllc prt~pagating laser wtive

‘P -
(4mne2/m)l/2 is the plasma frequency

ue = etlo/mc is the cyclotron frequency

v is the electron-ion 90° colliHion fruquoncy.

(11.1.16)

(11.2.26)

(from 11.2.19)
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The system of units throughout is c.g.s.

General remarks:

1) The non-magnetized , non-collisional result for free electron changes to

2
‘P 1/2

P-[l+
2 21

%-”

when the equation of mntion of a bound electxon is written as a harmonic

oscillator with “spring” constant, 2muo= ‘his can be of quite different

magnitude (in the case of near resonance, w ~ 1oo, a damping term must be

included in the equation of motion to keep everything finite). We make the

justifiable assumption in I. that U. in the case of incomplete ionization of

the major species or impurities is always >> u, and, therefore, the free

electron refractivity is the dominant contribution.

2) The double sign in the magnetic field case indicates bi-refringence und

the choice of coordinates, or basis-vectors, that the fundamental modes (i.e.,

tile ones propagat~d w~.thout change of polarization state) are circular. 111

consequence a linear polarization rotates as it propagates (Faraday

Rotation - 11.3.18 in I.). If perpendicular magnetic fields are also inclllded

in the equations of motion, a linear bi-refringence emerges. Ihe multiplier

term on w~/w2 in thj,e case in itself proportional to (ue/u)2 ins;ead of

(me/u), and in the limit we << u, transverse fields nre less significant.

3) The appearance of an imaginary part to the refractive index (or,

equivalently, tlm k vector) in the case of collisions indicates the wave is

attenuated an it propagate~. Strong enough absorption would eventually

violate our requirement that the laaer beum lteelf not change the plasma

parameters. The collision frequency varies as n/T3’2, NO LIi.IL clua~ical

absorption (inverse brcms~trulllung) lH most irnportunt at high density and 1Ow

tempcrnturcm A typical cal(.ulation indicntcs tlmt far u 5 eV, n - l~17cm-3

plnema, a 1 MW laser of 100 n~ pulHc clurution focused into 1 mm2 lends to e’.
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energy increase by absorption of -252 of the thermal energy originally

present. We do not consider absorption further in these notes.

4) Since the refractive index--i.e. , phase velocity--is proportional to

electron density it immediately follows from geometrical otics that laser

light will be deviated from straight line propagation if it encounters

transverse density gradients. A derivation of the angular deflection leads to

Eq. (11.3.13a) in I. ~is effect itself can be a useful diagnostic

(Schlieren, shadowgraphy) for density Eradients and fluctuations but it also

places limitations on “straight-through” measurements like interferometry and

Faraday rotation. Note, in particular, since both the refractive index and

the angular deviation scale as wavelength squared, but in every kind of

interferometry the unit of measurement (fringe displacement) is the wavelength

itself, the bending effects get relatively worse as sensitivity is increased

by going to longer wavelength. Even if imaging of the region of interest is

uced, whereby a lens compensates the zero-order path difference for deflected

rays, the derivation culminating in 11.3.9 in I. indicates a remaining

relative fringe error that scalee with A2.

A summary of this section is provided by Fig. 1. Starting with a given

lacer wavelength on the abscissa, the fringe shift for a given ~nedfl, the

Faraday rotation per 1.7 kG for a given ~nedl (linearly
‘cala:le ‘o ‘he

desired field value) and the angular deviation for a given {~clfi can be

obtained by vertical interpolation (logarithmic scaie 1) between fixed values

of these parameters. The critical den~ity at which the laser frequency equals

the plasma frequency is also plotted. bnger wavelengths will not propagate

at all, and the discussion of the various diagnostics generally assumes a

wavelength at least ar. order of magnitude below the cut-off. tinver~ions to

several frequently used units thu: replace wavelength ure also indicated.
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(AN MICRONS)

~DIANFREQUENCYw =1.9x10%k (S-l )

Fig. 1.

Scaling with wavclen~th of fringe number, Faraday rotation, angular
de flcctlon, and critical density.
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B. Interferometry

Interfercmetry is conceptually the most direct technique for measurements

exploiting plasma refractivity. It leads diwectly to an integrated

line-of-sight density determination by comparing the optical path length

through a plasma with the equivalent optical path length in the absence of

plasma. It is “self-calibrating” in the sense that the observed fringe

displacement, f = jg (IJ-1)/A dt, for a given wavelength is directly related

to ~t ne dt through ;1.1.16 of I. or Fig. 1.
0

The folJ.owing text is divided into A) spatial coverage (line-of-sight

integrated, pending unfolding) at one instant in time and B) temporal coverage

integrated along one line of sight. Both have good space and time resolution

in the sense defined in the introduction.

1. Holographic Interferometry

The introduction in the early 60’s of pulsed lasers significantly eased

the making of p~asma interferograms by providing a light source bright enough

to compete favorably with plasma luminosity, a~d of sufficient

monochromaticity and low divergence to relax the severe constraints of path

length equality in scene and reference beams (see I.). The introduction of

holographic interferomctry completed the conversion of an exacting art

requiring restrictive specialized instruments to a ratlmr simple procedure

that can be improvised in numerous, flexible embodiments.

(The discussion of holographic interferomctry at the end of 1. is

supplemented by the second hand-out, 2 and referenced hereafter as II. A LA-}lS

report 3 dwells more on pructicdl implementation details, as well as an

interesting case of unfolding the radial density distribution for a ~ils~ of

helicaily deformed cylindrical symmetry.)

The significant feature oi holographic intcrferomctry tllut is responsihlc

for the great experimental simplification is that, in effect, phase comp,lrison

occurs between two wavefronts ~eparated in time rather thun in space. Phase

distortions in the optical pntll tllnt remain fixed in time hctwecn the separate

exposures cancel out rtlther thtin liaving to bc matched in Spiltlillly separated

beam paths.
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The price paid for the convenience of holography is in the greater

coherence requirement on the laser source and the high resolution required of

the recording medium. A recent reference4 gives a good di~cuesion

coherence pulsed ruby lasers.

A nare recent exarnpl e of an exact analogue of conventional

Of high

plasma

interferometry ❑ade possible only by the flexibility of holographic

interferometry is the examination of the blow-off of laser fusion targets on

5 The incorporation of ❑icroscope objectives in themicron-size scale lengths.

scene path and the need for the very precise focusing that can only be

achieved during reconstruction require the holographic implementation. The

refractive bending for a wa”Jelength fully 1/4 the critical wavelength is quite

severe, but because total path lengths involved are extremely short the

fiz is completelyfractional :ringe error (11.3.9 in I.) which scales with

negligible. Focusing in the proper image plane is critical, however, and a

good discussion of residual position errors due to path curvature is given in

Ref. 6.

Another example when holographic flexibility can be invoked are caaes in

which conventional interferograms would be too sensitive, i.e., the f~inge

count exceeds easy resolution. The two holographic exposures can be timed to

both occur during the event and thus record only the difference over a

pre-selected time interval. By proper manipulation of polarization optics

even tl!e linear background fringe pattern can be retained. 7

The lowest ]nedl’s measurable with holographic interferometry are larger

t.han the sensitivity limits for the CW laser time coverage interferornetry

des:ribed below. One reason is the lack of good equivalents for photographic

recording (as well as fewer ~uitable laser sources) at wavelengths greater

thnn the visible.

Since the publication of 11. the usc of thin film bismuth has beeri

realized for plasma Interferograms by Krista18 at the 3 pm IIF laser

wavelength, and both bismuth film and cuprouti mercuric iodide have been used

9 The disappointinglyat the 10.6 ~m C02 laser wtivvlength by Porman ct al.

U1OW progress of long wavelength, high ~patlai resolution recording media is

probably due to the fact that increatie in fringe count at lo~lg wavelength is
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unique to free electron refractivity and the sensitivity actually decreases

for non-plasma related holographic applications.

A second reason for the poorer lower sensitivity limit is that in the

conventional analysis of a photographically recorded fringe pattern it is much

more difficult to measure small fractional fringe displacements (say anything

substantially less than 0.1) than with the electronic means for time variation

at single space points that can, with c~re, do better than 0.001 fringe.

In this connection interesting possibilities, not yet to my knowledge

applied to plasmas, are raised by heterodyne holographic interferornetry,

10 in which the use of two reference beam~ andreviewed by Ik#ndliker,

controlled phase manipulations with the reconstruction beam leads to accurate

electronic detection of extremely small fractions of a fringe. ‘Ihe fact that

the holographic exposure and reconstruction generally occur at different

wavelengths would complicate the geomterv but not pose insurmountable

difficulties.

Another disadvantage of holographic interferometry compared to

conventional interferometry shows up when a time sequence of interf=rograms

during a, single event Is required. It is due to the requirement of accurate

registry of t Wo exposures for each interferogram frame--one before and one

during the event. Initial attempts of “live-fringe” interferometry,

comparison of a sequence of current wavefronts in real time with a

holographically recorded previous wavefront, are given in II. The method

silould be easier now with the availability of tunable dye-lasers giving a

wider choice of laser sources. Chly the initial holographic exposure requires

holographic quality source coherence, and it could be made with a lower energy

source over a longer exposure time. The observation source must be tuned to

the z~me wavelength, but has more modest coherence requirements and requires a

brightlies.s governed on?.y by the combination of reconstruction efficiency,

desired time resolution and recording medium sensitivity. kbtc the latter may

be electronic, and dries not require holog~aphlc quality spatial resolution.

An intriguing possibility for very fast time resolution of very brief

total duration events is offered by the combination of short laser coherence

length combined with traversal time of the holographic plate by an obliquely

incident refe-ence beam.11 Application tr a (small) plasma would require the
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plasma to be located near the divergence point of the scene beam with a

geometry analogous to that of Fig. 1 in reference 11.

2. Continuous Time Coverage Interferometry

For continuous time coverage during the evolution of a plasma discharge

along a single line of sight by use of a CW gas laser the “coupled cavity”

configuration was principally emphasized in I. fiis use of the laser as both

the source and the phase sensitive detector, requiring only a small percentage

feed-back into the laser cavity, remains the simplest possible experimental

configuration. With a moving return ❑irror the vernier principle of measuring

plasma effects by the time distortion of zero crossings could at that time be

read to about 1/20 of a fringe from oscilloscope traces. In the interim

computerized automated data acquisition from transient waveform digitizers

requiring only about four 6-bit data words per cycle has been shown capable of

1/600 fringe resolution. 12 The supposition that the method would workabout

equally well at far-infrared wavelengths was borne out at 337 microns. 13 ~

additional benefit of significance in the far infrared is that the laser

wavelength could be determined to 0.6% from only a knowledge of the rotating

wheel radius without other means of spatial dispersion. (Note that since the

coupled cavity configuration necessarily irlvolves a double pass through the

plasma, the factor 2 length gain was incorporated into the proportionality

constant in 1. This is not the convention in either Fig. 1 or the present

write-up.)

Coupled cavity lnterferometry also suffers from some disadvantages. Among

these are 1) the time response is limited by the Q-value of the laser cavity,

2) the mechanical modulation reference frequency is available for monitoring

only prior to r~ther than during the mensured event, and 3) it is difficult to

synchronize more than one channel to a given Cvcllt ● In nddition, the

increasln~ technological sophistication of the laser industry has made it much

more difficult LC find l{e-Ne laser~ operating simultaneously at 0.63 and 3.39

microns, thereby obviating the real ali8nmcnt simplicity when the greater

senaitlvity nnd time response of the longer Muvc’length 1s desired.
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The cited problems of coupled cavity fnterferometry are largely overcome

by returning to some conventional interfeL-OM(?~er configuration of scene and

reference beams combined on a detector, but retaining a beat frequency on the

detector even in the abaence of plasma phase shifts by deliberately

introducing a frequency off-eet between the two beams. In principle this can

be done by a ❑echanical motion Doppler shift in one beam, like the ❑oving

return mirror in coupled cavity interferometry. In practise, it ia much

14 This can easily produce muchpreferable to use an acoutso-optic Bra8g cell.

larger frequency differences betwsen the zero and first order diffracted beams

than any mechanical ❑eans, while tiimultaneously acting as the first beam

splitter. The Bragg cell drive frequency is always available as a reference

frequency against which the plasma phase shifts can be analyzed. Since it is

continuously available, there are no synchronization problems.

Note that this beat frequency distortion ❑easurement is commonly referred

to as hetercdyne Interferometry and la entirely different from the usage of

the same Lerm in 11.4.1.6 of I. for the much less practical, th~.lugh more

8ensitive, procedure of puttinu the plasma directly inmide the ld~er cavity

and monitoring the laser frsquency pulling.

If the reference and scene beams are unequal in length, it is extremely

important to prevent any retro-reflection from getting back into the laser and

causing a coupled-cavity (and frequency pullin8) effect. For unequal patha,

laser frequency changes are indistinguishable from plarnna changes occurring

during the transit time difference interval.

When the heterodyne frequency is chmen to be large compared to the

frequency with which plasma effects are to be reqolved further analog signal

processing befare digitization for computer processing can be very useful.

For instance, Jacobtion 15 describes a five-channel quadrature interferometer in

which the plasma phase shift within a chosen bandwidth is determined with

unambiguous sign by first mixing the hcterodync dctucted ~ignul both with the

Bragg cell reference frequency and the aamc reference frequency phase uhiftcd

90° to give analog signala proportional to the sine and ~oeinu, re~pectivcly,

of the plasma phase shift. A more dutailcd de~crfption on a aevcn-chnnnel

vcraion of this instrument, illustrative nlso of whut c~n IIC lcnrmxl ubwt

density fluctuations by correlations nrnong Lhc c!.unncls w1ll bc publl~hcd

uhortly. Iu
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C. Faraday Rotation

The discussion of experimental

I. emphasizes maximizing sensitivity

small polarization rotation angles can

approach to the 10.6 Urn wavelength of

the optimum angular orientation of the

measurement of Faraday rotation in

by Increaainb the accuracy with wl,lch

be ❑easured. An extension of this

the C02 laser with a good discussion of

analyzer has been given by Jarbae. 17

A different approach is to increase the laser wavelength to t~ke advantage

of the A2 scalin~ while simultaneously negating the deleterious effect of the

beam bending which has the same scallng, and was assumed to be a fundamental

li,..ttation in I. A basic principle in this case is to make the measurement

independent of laser intensity variations, as could happen, for instance, due

to beam wandering Gver the detector.

One way to do this is to convert from an amplitude measurement to a phasn

measurement, in which the signal can be treated exactly as in a heterodyne

interferornetry set-up. l%e idea is to produce a sinusoidal modulation in the

absence of plama on which the Faraday rotation is encoded aa a time-varying

phase shift. 18 A way to do this is to monitor a rotating linear polarization

behind a linear polarization analyzer. ‘l’he rotating linear polarization is

the equivalent of, in fact, it la generated by, two frequency off-set

(coherent) counter-rotating

in a longitudinal field

polarization and nl~ws down

distortion of the apparent

circular polarizations. lle plasma birefrlngence

increases the phase velocity of onc circular

the phase velocity of the othey, reu>ltin~ in a

rate of rotation of tile lineur polurizntion. &I a

current Loa Alamoa version of this experiment 19 a 1 Mllz frequency offtiet is

produced between two parts of a 185 Urn C02-pumped CH211’2laser bcnm by Dopl!lrr

ehifting a portion of the beam by reflection from a grating mnchlncd onto Lhe

rim of an 18-cm radius aluminum clink rotnting nt 6LW0 rprn, ‘IIIc nlgorlthm

lJrUV~OUSly cited12 can detect 10 mr benm polnrizntion rotntionti, which at this

wavelength corx :~ponds to jnem~dl - 1.1xl(J’5cm-2 k~, with 1 I.1# Lime

re~olut~.on.

An nlternntivc method nnhievce the some t!nd, fntjcnsitlvity

intcn..lty varintion~, by rocking the input Ilncnr I)olarizatioil

ortcr .atlon of the hnnlyzcr on n tlmc H~:nlo fuHt uomp~lr(!d tf) plaumu

Onr detector/analyzer comhlnntloll ruLllur LIIIIII two tlIUII mcu~ureti tlit!
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Increase and decreaae, respectively, due to plasma Induced rotation for

positive and negative orientation with respect to the polarization analyzer.

In the far-infrared spectral range the polarization modulation has been

20 The same effect canachieved with a 1 kl+z voltage drive of a ferrite slab.

be achieved without the severe laser attenuation by Lhe ferrite if two

frequency off~et coherent orthogonal linear polarizations arc observed through

an analyzer approximately aligned with one of the polarizations. In both

cases because one ends up with an intensity measurement of the cnvclopc of n

particular modulation frequency, the time resolution will be poorer but tllr

sensitivity can he made greater than the phase measurement method of il

rotattng linear polarization.

In pusl~ing Farad~y rotation

necessary to re-cxilmirlc t h(’

mensurement~ into tilt! far infrurcd it is

linei~r birefringcncc in il Lransvcrse rnq;uctic

fiel~ component, which was rlismisscd as a hi[;hcr ordur effect in the

introductory scctton. The circultlr birefrfngcnr.c in a Iongitudinill field,

A112 z 3Ll&bH/w ) lead~ to 11.3.lLI of I:
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At the other end of the sen~itivity range, large angle rotation~ of

visible light in$icate megagauss magnetic fields ~n laser-produced

plaamas.22 The fact that these fields may be generated by an inverse Faraday

the lAser23 lends U6effect due to the circular polarization component of

beyond the non-pcrturbativc criterion of Lhis course.

D. Schlieren and Shadowgrilph Ncthnds— -——
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d) Quantitative deflection measurements have been made recently, among

others, both with the inclined slit method in a largely anionized heated

gas channe125 and with separated Noir4 plates on a 0.1 mm diameter

totally ionized high density z-pinch. 26
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111. SCATTERING

A. Free Electrons

1. Outline of theory section }bntcrey Nini-Course (19/8) Lecture Note~27

p. 1-5
,

alngle electron:

Classical eleetrodynamic~:

Scattered power

into 4w: /lJdQ= C).65X10-251

P (units of power)

I (units of power/cm2)

For electron velocity $

Tlmc depcndencp ot instant;~ncous electron po~ition

frrqu~ncy ~hlft

(cnlculntion requires rctilrdcd time)

PhyNical argument from “double” I.)ol)plcr Mhift
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fixed ~(ki,~) gives spectral distribution that ❑aps out f($)

p. 6,7

Many scatterers

I!s fields add 18 - (1%)2

either cross-product terms sum to O on average (phases uncorrelated)

or cross-product terms do not sum to O on average (phases correlated)

1/2
For a thermal plasma, the Debye length, AD= (:) , is the

scale over which correlations (potential energy) win out over random

thermal motions (kineti~ energy)

The ph~sc factors (~D#) for tllc many scattorer~ within u Debyc

sphere are all nearly alike (correlated) or range over all vnlucs O to Zn

(uncorrelated) depending on the maonitudc of ~:

If k~D < 1 correlated

kAD>> I uncorrclated

a>l

a<<l

p. 8-16

Formalimn of Bumrnutlon procorliirc:
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d2i’(f3, w) <ln(k,u)12>10 2 sx(hxk)]2; & ~
-w - ~ro [

i.e. , elec Lrons contribute to extent that required wavelengths of spatial

fluctuations and velocity projections occur together.

Can be generally wxitten in terms of classical Thomson cross-s(!ction and

a “form factor” S(!(,u)

nnd

d2P(6,u)
= NeIot(31S(k,u)

–7EG7-

spec~alizin & for collisionless, unmagnetized, near tlwrmal pla~mas

11+X11 2 Ixel 2
.—— f~(v)S(k,m) - l]+xe+x]l fe(v) +ZI1+XC+XII

Xe “ xe(@ - - Cc(x)

XI ‘“)-- xl(~l- - c~(Y)

‘g(x) = -a2[l-~%e-X2 f ct2 dt + lnl/7xe-x2]
o

2 Y tz ~t+inllz @2}2ZTe {1-2yc-y J uCl(y) = - a—
T1
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1981 Addenda;

1. The narrow central “ion” feature in tte two lower figures on p. 17

assume6 Te = Ti and Z = 1.

2. The wavelength scale happens to be drawn for Te = 5 ev, e = 900,

A = 6943A. This is an unfortunate specialization. The 6pectral shape IS

only a function of o, and a more fundamental abscissa would be in terms

of X = Lmlkv with AU - 2ncAA/A20

3. The “e] tron” feature integrated intensity varies as l/(l+a2), wl,creas

the toLal integrated intensity in the limit a + * approaches the a = O

values times Z/(l+ZTe/Ti).

4. Figure 2 (see next page) plots a as a parameter for given n and Te,

assuming A = 6943A, 6 = 90°, and indicates the scaling for other values

of A and fl. The line for a m 0.2 is accentuated as an upper limit for a

Gaussian spectrum. If electron temperature is determined from the

spectral width assum~ng a Gaussian shape when a Is actually 0.2, an 8%

overestimate would result.

p. 18-22

Corrections for a) v/c not << 1

b) B+(J
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2. Experimental Considerations, a << 1

The nractical implementation of a scattering experiment for determination

of electron temperature from the Caussian spectral shape for uncorrelated

scatterer~ (a << 1) is dominated by the small value of the Thomson

cross-section. The discussion in Ref. 27 from p. 22 onward is relatively

straight-forward nnd not reperted here. It concerns itself with

a) nvnilability -f powerful sources, b) the number of detected scattered

photons, c) ; ml-to-background or tiignnl-to-background fluctuations

ratio, d) SC. der light uupnresfiion, c) alignment, f) calibration and

g) data acquisition.

A usefu” discussion of pructical aHpccts encountered in an uctual

particular experiment is given in Rc[. 29.

Absolute calibration for density dctermin[ltions have traditionally been

done by Rayleigh scnttcring iit the un~hlftcd laser wavelength off a neutral

gas, in uitu to avoid till ~cnling for geometrical and detector guin effects.

A disadvantage is that clther Lhc ntrny lnscr light may mask the Xaylclgh

3“ di~crimlnatcs a~:linstac~ttering completely, or H thrcC-stilgc pulychromctcr

the unshifted light MO WC1l thaL the culibrution Nignnl docsn’t gc t through.

An interesting solution to this prub]cm recently hati been the utic of

anti-Stokes rotntimml Rumnn lines in nitrogen 31 and Stukcti-shifted Rnman

lincu iil IIydrogcn and dcuttlrtum.32

The usc of nvu]nnchc pllolrd~odt’~ in I)lilCC of plmtomulLLpliurH Iluti buun

33 tir ~ruut ildvuntiigc lH ii 652 quuntum ct’ficiuncyreported by llrSllva. il t

6943A. It in claimed that Lhclr inherent nultiu 1s tiuch tliilt tht! crotiu-ovvr in

S/N r/ItiO cnmpared With phOtOMUltip]i(!rtI filVorB thL’ dl(JdCLI ;lb(JVU thu IU

photonti/3!) nHoc powc r lCVC1. A Htron~ t umprr~l Lure [Iupt’lldlvlrcs ()f thl’

photo-diode gain l., n drfinltr dl~ildvilnt~l~~, ~Ind LIM’ Hm{lll l)lllJtu-Hl~llHICiV~l

n r~a mny he nnnthvr. fh thr othrr hund, [hvy opru th(~ door” 10 Hrdttllrln};

oxportmvntH with 3(IZ qunnturn offtclcncy ilt tliv H lii~(’r wiIviIIIIIu;llI 01 I.oh IIIa.
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the basis of the design study of such a system for JET (Joint European Torus).

Perhaps to put things into perspective, it is pertinent to ❑ention that the

same design study anticipates ❑ore than 40 ❑an-ycar~ and mlti-million dollars

to implement this diagnostic.

The extension to multiple-time points, equally import;lnt nnd desirahlc, is

35 tIaS ruporLudan nctive research topic, hut less advnncud. A (Lirching group

25 equispaccd 10 NW ruby laser pulses over a 1 millisecond time period. Work

continues at Los Alamos on summing ovur a mode-lockrd PUISC train. ‘IIIc key

problem 1.s an optical switch or ;I photo-scntiitivc detector sufficiently fast

not to integrate over plnsrnu background bctwccn pulses.

3. Communts m a ~ 1

The condition a not << 1 means tllnt Ltw combination of incident wavelength

and ~riltter~ng #angle ~s chosen so iIs to ruVCill existing pllusc corrtilaLiuns

a nlong t Ill? sc;ltter~”rs--i .e. , hy inert.asing tllc w;lvclcngth ;Ind d~cru;lsing LhL!

scilttc:fn~ :ingle to ttw point that “h! “probe l~hngth” is compardlblc LO L]lt’

m~nlmum scale length (Dchy~’ Lcnl;th) over which corruliltions can exist.
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obtained over a range of scattering angles) as well as the scan over frequency

at each k to determine the total wave strength at that k.

In order to reach the a > 1 regime for typical magnetic confinement fusion

parameters at large scattering angles requires wavelengths in the far

infrared. This makes for major differences not only in the source but also in

the detector technology. 36

For example, room temperature detectors operate in the classical regime

(hv/kT < 1) rather than the qllantum regime (hv/kT > 1) and the ultimate noise

limitations are quite different. Furthermore, the characteristic frequency

shifts of interest, AU - ~.$, are smaller on account ~f both smaller k values

and smaller characteristic velocities (either plasma waves or ion thermal

rather than electron thermal velocities) and when .!~e frequency spread of

interest is less than tile maximum frequency response of the detector it is

possible to use heterodyne detection techniques.

Heterodyne detection:

Combine scattered power with col]ercnt local oscillator on a square law

detector:

E10 m 11~/2 CXP id

I - (EH + E~o)(Es + EIO)*

1/2
~ Iu + 110 + 2(Is1Eo) cosAut

ReFKpUIIHC nt the beat frequency A(IJcnn bc ~l)tlilnc~d by incr(!~l~ing IRO iIloIIc, aIId

the noise-equiv[l lent-power (NF;P) is Iowcr:

(NKP)l,ct - (NW:id,,o/Ito
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band-pass of the various scaLtered difference frequencies away from being

centered on AU = O. This has two advantages:

a. detector noise limitations are generally better away from Au = O

b. resolves assymetries in scattered spectrum with respect to the laser

frequency.

In turn, heterodyne detection imFlies a totally different technology for

determining the fr~quency spread (power spectrum). Instead of spectrally

dispersing the radiation before detection by separate receivers, one can

analyze electronically the frequency components of the signal generated on a

single receiver eitiler by filtering or correlation techniques.

The c.rrently favored high-power narrow-band laser for ion temperature

measure,nents is D20 at 385 pm. An experiment is imminent on Alcator C with a

37 detector signal Fourier-ar.alyzed intocorner-mounted Schottky-whisker diode

a special design 32 contiguous channel receiver, each channel of 8(J Mtlz

width.38

The most extensive non-thermal small angle collective scattering on fusion

plasmas has been done by Slusher and Surko3g in a stlldy of density

fluctuations. These authors take advantage of the small forward scattering

angle for a) coping with the restricted access of diagnostic ports,

b) crowding tha full r~nge of It values of interest into ii smaller runge of

scattering angles Ae and c) a convenient gcr)metry for high sensitivity

lleterodyning--they utilize a 300 watt CW C02 laser for tllc Lclatively large

scattering cross-section of turbillent den~ity fluctuations.

In a companion paper, 40 the small angle geometry disudvunttige of lack of

spatial resolution is ovcrcomc by measuring the corrclationti of fr)rwilrd

scattering from two l.a.qer benms intersecting nt a h,lnllow un~lc, With tl)c

intersection point moved sequcnt~ally tllruu[;ll the plasma cll’l]tl~ dlmcnston.

Careful considcratton must bu ~;lvun at small sc;lttertn}; illl~l(2S to illl tllu

finite ~;comctry effects: diffructlon, Cillll crOsS-suCL 1o11, fillitu rilllgc () f

scattering angle, detuctor six, etl..
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B. Light Scattering from Bound Electrons—— .

Consider an electron bound to a nucleus, as opposed to the free electron

case treated so far. Classical radiation theory treats such an electron as a

damped harmonic oscillator with a natural frequency

particular atomic transition. (Fractional f values then

9catterinq systems among the different

U. corresponding to a

distribute the N such

possible atomic

transitions.) Combination of the equation of motion under the influence of

the electric field of the incident light wave, and the radiation from an

~ccelerated charge gives a differential cross-section:

fi J
~ - (.4)2 ~

mc i (W;-LW + 102r2

rhere the damping, r, can be

o scattering to be:

r. 2 C20J2
–~(cgs units)
3 mc

Limits: Wl+o

IIJ+wi

calculated self-consistently from energy loss duc

~~+(&)2 (Thomson dit’fcrcntinl crotis-~ection)
mc2
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❑ easurement Df the line intensity then yields the ground state population

independent of a knowledge of laser intensity or cross-section.

The saturation intensity can be estimated from the requirement that the

laser flux be so large that the probability of excitation of any one atom

(~a #) o“~~ the spontaneous emission lifetime of the excited stnte

(A-l = A3) is approximately unity. The resulting intcnaity has u ~ -5

dependence. ‘l’he absolute value la -100 watte/cm2-Angstrom at Ila (6563 A),

eaeily obtainable, but 4.6x105 watts/cm2-AngHtrom (out of r~’nch!) at Lyman a

(1215 h).

A significant further advantage iB achicvcd if there is a rudlntivu

transition from the upper level to some othor Icwcr level, hcctumc the

fluorescence can then be monitored on thnt line without intcrferinfi bnckgruund

from the laser riidiatinn.

t)iagnoatica Applicationti:

I
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tho laser la in near resonance. In the cited references thone are n-2 statea,

and, beaidea the reduction in sensitivity due to tile smaller population

resident in these excited states, it requires a plama mudel (LTli, coronal, or

full rate equationa) to relate this number to the total neutral concentration.

3. Neutral Impurity studiea45

Host ❑etallic ncutrala hnve re~onunce lines in the ricar UV or ut longer

wavelength thnt can be reached directly or by frequrrtcy-doubled dyc laucrs.

In the cited refcruncc a detection aonsitivity of 106 nuutrul Fc ntomu/cm3

with a velocity rwolution of 0.1 CV hoH bocn achicwd near Lhc WU1lS of lSX-B

with saturation techniques.

4. Miscellnnoous

Trnnsport mccllnnismH ciln bc invo~ti~ntud by dunerntlon of impuritlcH46, or

prorluctintt of mct~lutublo lQWIH through optlcnl pumping47, in it l(wllizud

region by onr la~ur, nnd intcrrognttng ~lt~;htly l;ILcr ut unoLhcr locuL1un w~th

n tltffcrunt la~ur reMonnnt wnvulrngtho
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